This article presents a new direct patterning technique in which laser photoreduction of silver from a liquid is controlled by a scanning atomic force microscope tip. Contrary to expectations, the tip suppresses, rather than enhances, deposition on the underlying substrate, and this suppression persists in the absence of the tip. Experiments presented here exclude three potential mechanisms: purely mechanical material removal, depletion of the silver precursor, and preferential photoreduction on existing deposits. These results represent a first step toward direct, negative tone, tip-based patterning of functional materials.
I. INTRODUCTION
Techniques to form nanopatterns and nanoparticles of noble metals such as gold, silver, copper, and palladium have been developed continuously, and very diverse technologies are being used for fabrication. [1] [2] [3] [4] [5] [6] [7] Some authors have analyzed the light induced formation of silver from solutions and the relationship between the size and shape of nanoparticles and the conditions of the illumination. 8, 9 Several groups have also formed nanopatterns by depositing noble metals on substrates by means of laser beam-triggered chemical reactions. This method is called laser-induced chemical deposition (LICD); [10] [11] [12] however, a disadvantage of the patterns formed by LICD is the size, which is usually larger than 100 lm. In addition, there have been numerous applications of scanning probes, most often atomic force microscope (AFM) tips, to nanofabrication, [13] [14] [15] [16] and several of these efforts have employed laser illumination of the tip. Tseng et al. 16 and Huang et al. 17 used the laser beam to heat or apply a force to the tip. In this way, they elaborated patterns by indenting the sample. Lee et al. 18 used an illuminated, gold coated tip to expose a photoresist and subsequently to generate gold patterns of less than 120 nm.
Here we investigate the combination of laser-induced chemical deposition with an illuminated scanning probe tip. Specifically, an aqueous solution containing a silver precursor is illuminated with a focused laser beam to photoreduce silver onto a glass substrate. While the interface of the substrate and the liquid precursor is illuminated, an AFM tip scans the illuminated area [see Fig. 1(a) ]. Light incident on a sharp metallic tip generates a charge accumulation at the surface of the tip. This charge accumulation, often associated with surface plasmon polaritons and/or localized surfaceplasmon resonances, is one of the causes for an enhancement in the electromagnetic field. This enhancement is higher at the apex of the tip, and hence, the field at the apex of the tip can be up to two orders of magnitude higher than the incident field. [19] [20] [21] If the photoreduction due to the irradiation of the liquid precursor depends on the local electromagnetic intensity, then deposition will be accelerated in an area with a diameter approximately the radius of curvature of the tip. 22 If a higher deposition rate is obtained just below the tip's apex, the deterministic movement of the tip should generate patterns narrower than the radius of the tip.
Our experiments consistently produced the opposite effect, whereby a scan of an illuminated AFM tip over a substrate locally prevented the laser-induced deposition of silver. This effect persists for some time after scanning, which can be developed into a "negative tone" patterning technique. Thus, we demonstrate a new technique to generate negative-tone silver patterns based on the suppression of photoreduction by tip scanning during illumination.
II. EXPERIMENT SETUP
A diagram of the experimental setup and an example of the patterns that could be generated are shown in Fig. 1 . An aqueous solution composed of 1 mM sodium citrate (NaC 6 H 7 O 7 ) and 1 mM silver nitrate (AgNO 3 ), from SigmaAldrich (S4641 and 209139, respectively), was introduced into an Agilent 5500 AFM using a liquid cell such that the solution was in contact with a glass slide serving as a substrate. The glass slide, from Fisher Scientific (Premium Microscope Slides Cat. No. 12-544-1), was previously cleaned by ultrasonication in acetone, isopropanol, and deionized (DI) water, for 5 min each, followed by 1 min exposure to oxygen plasma etch. The glass-liquid interface a) Present address: Brookhaven National Laboratory, Upton, NY 11973-5000. b) Present address: Center for Energy, Environment and Economy, € Ozye gin University, Çekmek€ oy, Istanbul, Turkey. c) Electronic mail: hastings@engr.uky.edu was illuminated with a focused, continuous wave laser in order to obtain silver photoreduction. The laser wavelength is 532 nm and was focused using a 0.25 numerical aperture objective such that its intensity ranged from 0.08 to 25 W/ cm 2 at the substrate-precursor interface. The laser was introduced through a polarization maintaining single mode fiber to spatially filter the beam. A 15:85 beam splitter was located before the objective, and the lower intensity beam was routed to a photodetector to monitor the incident power. A section of the illuminated substrate area was scanned with the AFM probe in contact mode. The AFM probe was a Budget Sensors' gold coated AFM tip (ContGB-G), which has a radius of curvature smaller than 25 nm.
III. RESULTS AND DISCUSSION

A. Silver deposition
The conditions to obtain photoreduction of silver from solutions containing Na-citrate and AgNO 3 have been studied extensively 3, 10, 12, 20, [23] [24] [25] [26] [27] and were not difficult to replicate. The deposition of silver on the glass substrate was achieved by illuminating the substrate and the solution with an intensity of approximately 20 W/cm 2 for 5 min. The beam waist diameter at the focal plane is about 4 lm. In order to obtain a larger deposition area (500 lm 2 , at least five times the size of the scanned area), the laser beam was intentionally defocused from the substrate-liquid interface. A scanning electron microscope (SEM) image (obtained using a Hitachi S4300) of the silver deposition without an AFM scanned area is shown in Fig. 2 . Samples were coated with a thin layer of AuPd before imaging and analysis.
To verify the composition of the deposits, an energy dispersive x-ray spectroscopy (EDS) measurement was made on five different samples. Typical EDS data, obtained using a Hitachi S-3200 N SEM and an Evex silicon lithium detector, is shown in Fig. 3 . The silver (Ag) L-family of peaks from 2.8 to 3.4 keV is only present for the deposited areas. The silicon (Si), sodium (Na), calcium (Ca), and oxygen (O) peaks are present due to the glass substrate. The peak near 3.35 keV that is present in both plots can be attributed to both silver (in the deposit) and potassium (in the substrate). No precursor residue is expected to remain on the substrate since the precursor salts (AgNO 3 and Na-citrate) are highly soluble in water and the deposited sample was washed thoroughly. Furthermore, none of the SEM images showed any structure that would be typical of the crystallized salts. This indicates that the particles are primarily silver with little or no residual precursor. Washing in flowing deionized water and drying in flowing air were conducted without any special precautions, and no obvious adhesion problems were observed.
AFM measurements returned particle height from 50 nm at the edge of the deposited area to 200 nm in the denser section of the deposition (the area with maximum intensity of illumination). Areas of 10 lm by 10 lm were scanned in tapping mode with a resolution of 512 lines at a speed of 0.71 lines per second. Fig. 4 shows an AFM three dimensional view of a densely deposited area. A roughness analysis from this data obtained with Gwyddion software returned an S a (arithmetic average of the surface) equal to 21.6 nm and an S q (RMS average) equal to 30.2 nm, respectively.
B. Illumination of a scanning tip
Once the system was proven to form a consistent deposition, the tip was brought into the illuminated area. As mentioned above, electromagnetic principles suggest an intensity enhancement at the apex of the tip. This enhanced electromagnetic field was expected to generate greater deposition (larger density or size of the particles) in the area scanned by the AFM tip. The result was completely different as is shown in Fig. 5 . The image in this figure shows a scanned area of 10 lm by 10 lm with far less deposition than the surrounding areas.
There are several possible explanations for this lack of enhanced deposition near the tip but the most probable comes from using contact mode for the scan. In contact mode, the tip is touching the surface of the sample at all times. In this way, the lateral force the tip applied to the newly formed particles is sufficient to detach them from the substrate and push them to the sides of the scanned area and/ or suspend them in the solution. Several investigations have been made by different authors to show that manipulation of nanoparticles is easily achieved with a moving AFM tip. 28, 29 A second explanation comes from setting up the laser illumination practically at a 0 angle with respect to the substrate normal. As several authors have reported previously, a greater field enhancement is obtained for the electric field component that is along the tip axis (i.e., normal to the substrate). 19, 30 In our experiment, only a small component in this direction is present, due to the focusing of the laser beam, leading to reduced field enhancement.
Mechanical particle removal might explain the lack of enhanced deposition; however, it does not explain the suppression of deposition observed in the experiments. Specifically, a purely mechanical cause does not explain why the suppression of deposition is uniform. One would expect that regions scanned earlier in the process, e.g., the top of the cleared region in Fig. 5 , would refill with material while the remainder of the scan is being executed. Such refilling does not occur, even during scans that require far more time than the deposition process, and a more complex mechanism must be sought to explain the phenomenon.
Thus, we conducted a series of experiments to elucidate the suppression mechanism. First, we show that suppression of deposition persists for at least 10 min, even during subsequent laser exposure in the absence of a scanning tip. This suggests either a tip-induced surface modification or a preferential deposition on previously deposited particles. However, we rule out a purely tip-based modification by showing that prescanning the surface before illumination, rather than during illumination, has little effect. We also show, using an optical projection approach, that preferential deposition on previously deposited material does not explain the phenomenon. Thus, the substrate surface is modified only by simultaneous illumination, scanning, and perhaps partial deposition. In support of this, we show that the suppression of deposition is reversible by exposing the substrate to the atmosphere, but not to fresh precursor solution. Ultimately, this series of experiments narrow down the cause of suppressed deposition to a persistent, but reversible, surface modification.
C. Evaluation of the conditions for the suppression of deposition
To verify if the force in contact mode is sufficient to remove particles from the substrate we illuminated a sample and scanned it after obtaining deposited particles. Although the tip is able to move particles, only some of the particles were removed. This is not surprising because the lateral force applied to the particles by the tip after deposition is likely far smaller than when scanning during illumination. This can be an entirely mechanical effect. The tip will not be in full lateral contact with the particles because the film-like characteristic of the deposit does not allow the penetration of the tip (see Fig. 4 ). Or it could be that illumination and heating of the tip and particles during illumination reduces the adhesion of the particles to the substrate. Note that, in Fig. 5 , the size of the cleared area is very similar to the size of the area scanned (10 lm by 10 lm). However, another experiment showed that a laser illumination for just 2 min leaves a considerable amount of particles deposited in the sample. The top region of the cleared area shows a much smaller quantity of particles. This region has been exposed to illumination of at least 4 min after the tip scanned it; however, the deposition is far less than we would expect from a 4 min illumination. This detail prompted us to study the behavior of scanned regions and determine if the scanning is indeed removing the deposited particles and preventing future deposition in the scanned area.
We first confirmed that scanning during illumination suppressed deposition for some time after the tip is removed. A convenient experiment to confirm this is to scan an area during illumination for 5 min; after the scan is finished, another illumination of 5 min takes place over the same area without scanning. As shown in Fig. 6 , after a complete second illumination of 5 min without a second scan, the deposition of silver nanoparticles inside the previously scanned area was very limited. This indicates that either the scanning tip prevents deposition by modifying the surface, or that any subsequent deposition occurs preferentially on the particles deposited during the first illumination.
To determine whether the tip alone modifies the surface, an experiment was conducted in which the surface of the substrate was scanned before any illumination. Afterwards the same area was illuminated in the absence of the tip. In this case, the scanned area was redeposited with silver, and the deposit appeared more or less the same as the surrounding area. In three out of four experiments, the deposition was so uniform that it was not possible to identify in the SEM images any difference in the deposition between the area scanned and the other nonscanned areas. In one of the pictures, a difference in particle density was observed; however, the density difference was not as clear as it was seen in Fig. 5 for the first experiments in which the scan was made during the illumination. This indicates that suppressed deposition only occurs when the area is scanned and illuminated simultaneously.
Another possible explanation for the lack of deposition in a subsequent illumination is that the metallic silver created in the second illumination could be deposited on top of previously deposited particles more easily than on top of a cleared substrate. To test this, an illumination was made using the projected image of a mask to form a clean area [see Fig. 7(a) ] as a control. Next, another clean area was made with the same mask, and then, a second uniform illumination was done to determine if there was any deposition suppression in the nondeposited area. The formerly clear area was deposited without any suppression [see Fig. 7(b) ], indicating that a scan with an illuminated tip is essential in order to suppress deposition.
Two additional experiments were performed in order to observe the reversibility of the suppression of deposition. In both of these experiments, the first step was to do an initial illumination while the tip scanned the area for 5 min, thus creating a deposited spot with a cleared 10 lm by 10 lm area. After this initial scan during illumination, the two experiments differ. In the first experiment, the liquid precursor was replaced without exposing the sample to the atmosphere; in the second experiment, the sample was washed with DI water and dried by means of flowing air. Next, a second illumination with a similar intensity, than the one used FIG. 6 . Silver deposition on glass substrate formed after two illuminations, the first one during scanning. The sample is illuminated two times: while a 10 lm by 10 lm area is scanned at a speed of 16.7 lm/s, and without the scanning tip. As expected, the quantity of particles inside and outside of the scanned area is greater compared to the image in Fig. 5 where there is no second illumination. The number of particles inside the scanned area, however, is much lower than would be expected in a first illumination without scanning experiment.
FIG. 7.
Comparison of redeposition using a mask instead of a scanning tip for preventing deposition. (a) SEM image of the deposition of silver with clean areas generated using a mask to block the laser illumination. (b) SEM image of the results of a double illumination. The first illumination is made using a mask and the second illumination is made without the mask. It is shown in (b) that the second illumination (without the mask) induces deposition in every region, regardless of whether the region is already covered in deposits or not.
for the first illumination, was performed for each sample but without a scanning tip.
For the first experiment, the results were very similar to the ones obtained when a second illumination was performed without changing the solution (cf. Fig. 6 ). This result ruled out a simple depletion of silver or citrate ions near the deposit in the static solution. This was not surprising given that diffusion alone should be sufficiently fast to replenish the region on a time scale far shorter than the duration of these experiments.
The second experimental results are shown in Fig. 8 . The second illumination (without scanning) generated new deposits even inside the previously cleared area. The SEM image in Fig. 8 can be compared with that shown in Fig. 6 . Both experiments are exposed to a second dose of illumination after a scan-during-illumination procedure; however, the deposition inside the scanned area seen in Fig. 8 is much greater than the one seen in Fig. 6 . It can be observed that the number and size of the particles inside the scanned area deposited after washing the sample are similar to the particles surrounding the scanned area in Fig. 5 . This is clear evidence that exposure to the atmosphere returned the sample's surface to the original state. Any illumination after the sample washing will generate the same rate of growth in the previously scanned area as if the area had never been processed.
D. Patterning
We have shown that the growth reduction at the second illumination is due to the contact of the sample with the illuminated tip. Also, the experiment in which the surface characteristics are reset shows that the mechanism of growth is much more complicated than initially expected. Nonetheless, negative-tone patterns can be made using this technique. Figure 9 demonstrates the feasibility of generating patterns smaller than 10 lm by 10 lm squares.
To form a useful pattern, the tip should move in a deterministic manner during illumination. To that end, the PicoLith tool, included in Agilent's PicoView 1.8.2 software, is used to develop simple patterns by controlling the piezoelectric device that moves the AFM tip. A pattern can be generated by illuminating an area of the substrate and scanning the regions where it is not desired to have silver. These patterns will persist even during subsequent illumination as long as the sample is not washed. To verify the patterning technique and understand its quality and limitations, several simple patterns were made. The most promising results were obtained when patterning a series of bands of width equal to 2, 1, and 0.5 lm, separated by a distance equal to the width of the scanned bands. Figure 9 shows the SEM image of the case where five vertical bands of 1 lm in width were scanned. Each of the scanned bands was separated from the other by 1 lm. Aside from the large gaps of regions without silver, which can be optimized by varying the dose of illumination, the patterns formed by the scanning bands of 2 lm and 1 lm width were generated correctly. The width of the cleared sections was not exactly 2 and 1 lm, and the cleared sections are wider than the deposited sections. The patterns generated with the 0.5 lm wide bands presented high irregularities: sections without deposits, and large particles in the regions that were supposed to be cleared. Most of the particles present in these experiments are relatively large (see Fig. 9 ). The large size of the particles, some of which are at least 250 nm in diameter, limits the generation of narrower patterns because the tip drags these large particles and they bump into other particles to form large clusters. These clusters move to cleared areas and generate large gaps in the deposited areas. The deposition method is currently limited with respect to density of the deposited areas and size of the particles; however, we expect that these obstacles can be overcome with a detailed study of illumination dose and solution chemistry.
IV. CONCLUSION
In summary, enhanced photodeposition near a metallic scanning probe tip was not observed for the narrow range of conditions considered here. Mechanical displacement of the particles by the tip may counteract the enhanced deposition; FIG. 8 . Silver deposition after sample washing and a second illumination. Silver deposits on a glass slide after an experiment in which the slide was illuminated while a 10 lm by 10 lm area was being scanned. Then the sample was washed with DI water, and the same spot was illuminated again. The scanned area is visible because the particles at the side are larger; however, the particles where the scan was made are similar in size and quantity to a regular one-illumination deposition. FIG. 9 . Silver deposits on a glass substrate made with laser illumination while scanning bands of 1 lm width. The PicoLith software was used to move the tip across five bands of 1 lm width separated 1 lm. The scanning speed was set to scan the five bands in 5 min so that the illumination dose was the same as in the previous experiments. Deposits are present mostly on the areas that were not scanned, while the scanned areas show a great reduction in the quantity of silver particles.
however, the illumination conditions were also not favorable to produce a large field enhancement. For future efforts the angle of incidence should be tuned to obtain maximum field enhancement, and the tip should not be in contact with the sample to prevent particle movement. The most important effect observed in this study was the suppression of deposition after scanning with the tip during illumination. Neither scanning with the tip in the absence of illumination nor predepositing material reproduces the effect. The clearing effect lasts at least 10 min while the sample remains covered by a liquid; however, after the sample is washed and dried, silver can be deposited again with the same rate. One speculative explanation for these results is that when deposited particles are removed by the scanning tip, the defect, impurity, or contaminant that served as a nucleation site is also removed. If so, the experiments also suggest that the nucleation sites can be reintroduced by exposure to atmosphere. Regardless, the three simplest mechanisms for deposition suppression have been ruled out and a solid foundation for future work has been established.
The effects described above can form the basis for a method for negative tone, tip-based patterning. However, more refinement is required to produce truly nanoscale patterns. Developing photoinduced deposition processes that produce denser films containing smaller particles and alternative materials will be an important first step. If successfully extended, the technique could provide a new approach to nanoscale rapid prototyping and semiconductor mask repair. Regardless, suppression of photoinduced deposition by a scanning probe can be counted among a small group of nanopatterning approaches that directly deposit functional materials in a single step.
